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We study the model high-temperature superconductor HgBa2CuO4+δ with electronic Raman
scattering and optical ellipsometry over a wide doping range. The resonant Raman condition which
enhances the scattering cross section of “two-magnon” excitations is found to change strongly with
doping, and it corresponds to a rearrangement of inter-band optical transitions in the 1-3 eV range
seen by ellipsometry. This unexpected change of the resonance condition allows us to reconcile the
apparent discrepancy between Raman and x-ray detection of magnetic fluctuations in superconduct-
ing cuprates. Intriguingly, the strongest variation occurs across the doping level where the antinodal
superconducting gap reaches its maximum.
PACS numbers: 74.25.nd, 74.40.-n, 74.72.Gh, 74.72.Kf
Magnetic fluctuations might play an essential role in
the mechanism of high-temperature superconductivity
in the cuprates [1]. Upon doping the insulating par-
ent compounds, the fluctuations evolve from antiferro-
magnetic (AF) magnon excitations up to a few hundred
meV. As this energy is in principle sufficient to sup-
port superconductivity at very high temperatures, the
observation of similar “paramagnon” excitations by res-
onant inelastic x-ray scattering (RIXS) in superconduct-
ing cuprates [2] is a revealing result. Recent electronic
Raman scattering (ERS) measurements further suggest
that the high-energy magnetic fluctuations exhibit a pro-
nounced change concurrent with the formation of Cooper
pairs [3], corroborating a close connection between them.
Here we address a major puzzle that has arisen from
the comparison of the doping dependent RIXS and ERS
cross sections. Both techniques use inelastic photon scat-
tering to probe fundamental excitations in solids, but
with very different incident photon energies in the x-
ray and visible-light range, and they can detect magnetic
fluctuations in the cuprates via the creation of single- [4]
and two-magnon [5] excitations, respectively. In the un-
doped AF insulating compounds, the superexchange en-
ergies J determined by RIXS and ERS agree reasonably
well [4, 5] and are furthermore consistent with inelastic
neutron scattering (INS) measurements [6]. A compari-
son between these measurements at finite doping, how-
ever, reveals an important discrepancy: while the energy
and spectral weight of the (para)magnon excitations ob-
served by RIXS exhibit little change [2, 7], both of these
quantities decrease substantially in ERS data [8–11]. The
latter observation has created the impression that the AF
spin fluctuations become overdamped near and above op-
timal doping [9]. This, in turn, has served as a major
argument against magnetically driven Cooper pairing in
the overdoped regime [12, 13]. Together with the de-
crease of well-defined high-energy magnetic signal with
doping in INS measurements [14], this has cast doubt on
the interpretation of the RIXS results [15].
The RIXS cross section in the cuprates is known to
exhibit a non-trivial photon energy dependence [16, 17],
and the detection of magnetic excitations is greatly en-
hanced by a resonant process that creates an interme-
diate state with strong spin-orbit coupling [18]. Simi-
larly, it has been known that the ERS detection of two-
magnon excitations is assisted by resonant Raman pro-
cesses [19, 20]. For undoped systems, a strong enhance-
ment of the signal is found for incident photon energies
in the 2.4-3.0 eV range [8, 9, 12, 21], and it has been
common experimental practice to use fixed laser energies
suitable for the undoped systems to perform measure-
ments at finite doping [10, 11]. A caveat is that the dop-
ing dependence of the ERS signal measured in this way
may reflect variations not only in the magnetism but also
in the resonance condition [8].
We have determined the origin of the discrepancy be-
tween the RIXS and ERS results by performing ERS
measurements in the model high-temperature supercon-
ductor HgBa2CuO4+δ (Hg1201). We used two distinct
incident photon energies for our ERS measurements and
performed complementary ellipsometry measurements on
the same samples, in order to monitor any possible
change in the resonance condition. At low doping, the
ERS two-magnon signal is resonantly enhanced with the
higher incident photon energy, but as the hole concentra-
tion increases beyond p ≈ 0.10, the enhancement condi-
tion changes and favors the lower incident photon energy.
This change coincides with a rearrangement of inter-band
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FIG. 1. Raw Raman spectra for YBa2Cu3O6.1 (a,d), Hg1201
UD45 (b,e) and UD94 (c,f) obtained with 532 nm (a-c, mea-
sured at T = 300 K) and 633 nm lasers (d-f) in the B1g scat-
tering geometry. Data obtained under the same condition on
Si(100) surface are displayed for comparison (see text).
transitions in the 1-3 eV range observed by ellipsometry.
Our clear observation of the two-magnon signal at dop-
ing levels as high as p ≈ 0.19, albeit only under a reso-
nance condition that is different from that for undoped
and lightly doped cuprates, demonstrates that the ampli-
tude of the ERS signal is predominantly affected by the
resonant process, and that short-range high-energy AF
fluctuations do exist up to rather high doping. Further-
more, we find that the ERS B1g superconducting energy
gap reaches its maximum near the same doping where the
crossover between different resonance conditions occurs.
Our measurements were performed on eight single
crystals of Hg1201 grown by the self-flux method [22]
and post-growth annealed to achieve different doping
[23]. The samples are denoted by “UD” (underdoped)
or “OV” (overdoped) followed by their critical tempera-
ture (Tc) values in kelvin. Nominal hole concentrations
are calculated from Tc according to an empirical for-
mula [24]. The ERS measurements were performed in
a quasi-backscattering geometry on freshly prepared sur-
faces parallel to the ab-plane using a Jobin Yvon LabRam
spectrometer. The ellipsometry measurements were per-
formed on a Woollam VASE spectrometer. Details about
the measurement conditions can be found in the Supple-
mental Material.
Figure 1 displays our Raman B1g spectra for a heav-
ily (UD45) and a slightly underdoped (UD94) Hg1201
sample, along with data measured on an AF insulating
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FIG. 2. Difference between Raman susceptibility at 10 K and
300 K measured with 633 nm incident photons in the B1g
(a) and B2g (b) geometries, offset for clarity. Characteristic
energies are marked by rectangles (B1g peak, reproduced in
panel b), stars (B2g peak), triangles (B1g two-magnon), and
dashed line (B1g energy below which an enhancement of the
two-magnon signal is observed at low temperature).
YBa2Cu3O6.1 (YBCO6.1) sample. Spectra measured on
a silicon (100) surface, which gives no ERS or fluorescence
signal in the displayed range, are used for instrument cor-
rection (see Supplemental Material), and we only con-
sider features that are absent from the Si spectra as gen-
uine ERS signal. In YBCO6.1, the two-magnon peak is
observed at about 2600 cm−1 with 532 nm incident pho-
tons, but not with 633 nm incident photons. In the latter
“off-resonance” condition, the ERS signal shows a deple-
tion at low temperature below 2600 cm−1, which is the
same as the peak position seen with the “on-resonance”
condition. The Hg1201 UD45 sample looks very similar
to YBCO6.1, which is expected since YBCO at doping
comparable to UD45 is not too different from the parent
compound [11]. However, a very different behavior is ob-
served for UD94: the two-magnon peak can be observed
with 633 nm incident photons already at T = 300 K and
its amplitude is enhanced at T = 10 K [3], but no peak
is observed with 532 nm incident photons. This can be
best seen by comparing the data measured with the same
incident photon energy between UD45 and UD94.
Figure 2a shows this in a more systematic way by dis-
playing the difference between B1g spectra taken at 10
K and 300 K with 633 nm incident photons for all our
samples. A crossover from depletion to enhancement at
low temperature is found near the doping of UD70. The
enhancement becomes very prominent at the highest four
doping levels, where the displayed spectra have been di-
vided by two. The absence of similar effects in the B2g
data (Fig. 2b) shows that the signal exclusively belongs
to the B1g irreducible representation of the D4h point
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FIG. 3. (a) Imaginary part of dielectric constant measured at
300 K. Inset: measurements at 10 K, where individual tran-
sitions are better seen due to reduced thermal broadening
(see Supplemental Material for the full temperature depen-
dence). (b) Schematic of the α and δ transitions relative to
our ERS measurement conditions. The two vertical lines for
each condition indicate the energies of the incident and scat-
tered photons (after creating the two-magnon excitations).
(c) Fit oscillator strength of the transitions labeled in (a).
group, consistent with our interpretation that the signal
evolves from two-magnon excitations in the undoped AF
insulators. The characteristic energy determined from
the position of either the depletion onset at low doping
or the maximal enhancement at high doping (triangles in
Fig. 2a), where the correspondence is supported by the
on- and off-resonance measurements in Fig. 1, decreases
with increasing doping as has been reported [10, 11]. In
contrast, the highest energy at which an enhancement is
found (dashed line in Fig. 2a) is independent of doping
within our experimental accuracy. This constant energy
might be connected to the doping-independent disper-
sion of paramagnons observed by RIXS near the mag-
netic zone boundary [2, 7]. The strength and energy of
the maximal enhancement (same as the peak-maximum
position at 10 K) in our data might be further affected
by the doping-dependent resonance condition, magnon-
magnon interactions, and the size of the pseudogap. It
therefore might not correspond to any observable feature
in the single-magnon spectrum measured with RIXS.
Figure 3a displays the imaginary part of the dielectric
constant measured by ellipsometry on the same samples
at 300 K. In addition to a Drude response, the evolution
with doping in the 0.8-3.2 eV range can be described
by four Lorentzian oscillators modeling inter-band tran-
sitions, as labeled in the inset. The α and δ transitions
are slightly below and above our ERS incident photon
energies, respectively, so α favors 633 nm incident pho-
tons whereas δ favors 532 nm incident photons (Fig. 3b).
β is close to both our incident photon energies and thus
cannot differentiate them, and γ does not exhibit sys-
tematic doping dependence. The oscillator strengths of
these transitions are obtained by simultaneously fitting
the real and imaginary parts of the dielectric function
(Supplemental Material) and summarized in Fig. 3c. In-
deed, the δ transition is prominent at low doping while α
is prominent at high doping, showing a crossover behav-
ior near UD70 (p ≈ 0.10). This precisely corresponds to
our observation of the ERS two-magnon signal with 532
nm and 633 nm incident photons at low and high doping,
respectively. Our combined ERS and ellipsometry data
show that short-range high-energy AF fluctuations are
present in Hg1201 at least up to p = 0.19, and that they
can be observed by ERS if the doping-dependent reso-
nance condition is satisfied. Hence there is no essential
discrepancy between the ERS and RIXS results concern-
ing the presence of short-range AF fluctuations deep in
the superconducting regime, all the way to the overdoped
side of the phase diagram.
The spectra in Fig. 2 also contain low-energy ERS sig-
nals associated with superconductivity. They are marked
by the rectangular and star symbols for the B1g and B2g
geometries, which selectively probe electronic transitions
in the antinodal and nodal regions of the Brillouin zone
[20], respectively. The data are in good overall agreement
with reported ERS results for Hg1201 and other cuprates:
the B1g energy decreases as optimal doping is approached
from below while the B2g energy increases [25–27], and
the intensity of the B1g peak increases rapidly with over-
doping [27]. Here we focus on the underdoped side and
make a few observations:
(1) The decrease and eventual disappearance of the
B1g peak with underdoping resembles those of the two-
magnon peak. This suggests that the two features are
enhanced by similar resonant effects.
(2) The B1g energy is also visible in the B2g data as
indicated by rectangular symbols in Fig. 2b. While we
do not know the exact reason for this, we can rule out
polarization leakage which we estimate to be less than
3% based on phonon intensities observed in the different
geometries. Our data do not contradict previous reports
[25–28], where the use of different incident photon en-
ergies and/or a smaller separation between the B1g and
B2g energies might have prevented a similar observation.
At low doping, the B2g signal exhibits a long tail extend-
ing above 1000 cm−1. This component of signal persists
above Tc (not shown) and might be a signature of a pseu-
dogap recently proposed to have an s-wave form [29]. The
B2g double-peak structure resembles a recent theoretical
proposal of Higgs-like excitations [30].
(3) We observe the B1g peak down to an unprecedent-
edly low doping level of p ≈ 0.09 (UD64), and see a clear
decrease of its energy below p ≈ 0.10. A similar decrease
of the d-wave superconducting gap has been observed by
photoemission for Bi2212 below p ≈ 0.08 [31].
We summarize our observations in Fig. 4, in which the
dashed line indicates where the rearrangement of inter-
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FIG. 4. Summary of ERS characteristic energies. Same sym-
bols are used as in Fig. 2.
band transitions occurs. The two-magnon signal seen
with 633 nm incident photons changes its temperature
dependence from depletion (empty triangles) to enhance-
ment (filled triangles) at low temperature upon crossing
this line, where its characteristic energy exhibits a sudden
decrease. Intriguingly, we find that the B1g supercon-
ducting gap exhibits a maximum near the same doping.
Our result sheds light on the nature of the relevant
high-energy electronic states. At low doping, the reso-
nant Raman process has been a subject of considerable
theoretical investigation [19, 32], and it generally requires
the absorption of a photon that is energetic enough to
overcome the effective Hubbard repulsion, or the charge-
transfer gap. It can be seen from Fig. 3a, however, that
the α transition does not evolve continuously out of any
of the other transitions: β is the only transition that
clearly moves with doping but it moves away from α.
Therefore, it seems that the α transition involves a new
band that develops at high doping, inside the charge-
transfer gap, which appears to be present in Hg1201 up
to at least optimal doping [16]. Similar development of a
new inter-band transition in the 0.8-1.5 eV range at high
doping has been found in YBCO (ref. 8), La2−xSrxCuO4
(ref. 33), and Bi2Sr2Ca0.92Y0.08Cu2O8+δ (ref. 34), and
it has been attributed to a transition from a localized
polaronic state inside the charge-transfer gap to an ex-
tended state above the gap [35]. Other possibilities, such
as a breakdown of the Zhang-Rice singlet approximation
at finite doping [36], doped holes not entering the pla-
nar orbitals [37], or splitting of the charge-transfer peak
with the suppression of AF correlation [38], cannot be
ruled out at this time. Band-structure calculations for
undoped Hg1201 indicate the presence of a Hg-O band
not far from the Fermi level which may further evolve
with doping [39], but this scenario would have difficulty
explaining the resonance effect on two-magnon excita-
tions given the large spatial separation between the Cu-
O and Hg layers. First-principle calculations for doped
Hg1201 are technically challenging due to the complex
dopant oxygen positions, which have not yet been fully
determined [40].
To conclude, we have identified a dramatic change in
the Raman resonance condition with doping in Hg1201,
both by direct observation of the two-magnon ERS sig-
nal at high doping under an unusual condition and by el-
lipsometry observation of a rearrangement of inter-band
transitions near p = 0.10. Our data are consistent with
the presence of short-range high-energy AF fluctuations
even in the overdoped regime, and they allow us to rec-
oncile the discrepancy between existing ERS and RIXS
results. Further research is needed to understand the ex-
act nature of the high-energy electronic states involved
in the Raman resonance, which appear to affect the size
of the superconducting gap.
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